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Abstract 
To study the earthquake response of RC infilled frame structures with variable wall opening, 3-D computer models were made 
for 3, 4, and 5 storey typical hotel buildings consisting of six frames of 3 bays. In X-direction, the middle bay was open and the 
side bays were in-filled with full (solid) walls. In Y-direction, the interior walls consisted of door opening in the corner and the 
exterior walls consisted of window openings with variable ratios of 20%, 40%, 60%, 80%, and 100%. Prior to modeling the 3-D 
structure, 2-D validation models using diagonal strut and shell element were made based on test results of simple infilled frames 
with various openings. For the strut model, the wall with opening was modeled using diagonal strut of reduced width. For the 
shell element model the wall was modeled as is with gap element at the interface between the frames and the wall. Considering 
crack development and non linear stress-strain relationship of the materials, the lateral load-displacement diagrams of the shell 
element models fit the test result better than the strut ones. Models with lintels around the wall openings were also created for 
validation and the results show that lintels stiffen the frame and strengthen the wall around the openings. The shell element model 
was then used to create 3-D models of the hotel building with lintels around the wall openings. Analysis and design of the 3-D 
models show that the earthquake responses of RC frames infilled with walls of opening ratios 20% to 60% are significantly 
stiffer and stronger than that without infill wall. However, the contribution of infill walls with 80% opening in reducing storey 
drift and frame reinforcement was much smaller. Accordingly, the infill walls with opening ratios of less than 80% should be 
considered in the structural modeling to obtain a more accurate analysis and efficient design.  
© 2015 The Authors. Published by Elsevier Ltd. 
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1.  Introduction 
The significant contribution of infill walls to the lateral stiffness and strength of the surrounding frame structures 
has been widely acknowledged and analysis method using equivalent diagonal struts mimics the true behavior of the 
tested specimen well. Accordingly, formulas for the strut width of solid infill wall were adopted [1]. Presence of 
opening, however, is inevitable part of the wall for functional purposes. Openings that cut across the diagonal will 
conflict with the diagonal strut model. Though it seems logical to overlook the walls with large openings, recent 
studies showed that despite the opening, the infill wall still contributes to the lateral stiffness of the frame. Thus, new 
formulas to account for openings in the wall were proposed [2, 3, 4, 5, 6]. Therefore, both walls and openings should 
be considered in structural modeling to obtain more accurate responses and hence, better design for structures 
subjected to earthquake loads.  
The topic becomes interesting for many reasons. First, because earthquakes may happens at any time, at any 
magnitude and result in many casualties. The Nepal (Gorkha) earthquake on the 25th of April, 2015 occurred after 81 
years without strong tremors and resulted in casualties of more than 7000 killed, twice as many injured, and many 
ancient structures made of unreinforced masonry were flattened [7]. Second, the infilled frame type of structure 
constitutes a great percentage of building systems used for low to medium rise building in developing countries, 
including in regions with high seismicity. Third, the highly non-linear nature of the infill materials and the interface 
between the walls and the frames make the analytical solutions problematic and make the answers to these questions 
are still evolving. Different material properties, construction methods, and local best practices also make the issue 
worth studying because some researchers may consider that what was reported in the literature to date does not 
represent the exact problems in their area. Updated earthquake provisions in building codes also make researchers 
more cautious and creative in assessing behavior and performance of existing structures by including infill walls as 
part of earthquake-resisting systems.  
In typical hotel buildings, the structure consists of series of 3-bay frames, the middle bay is for corridor and the 
side bays are for room. The walls between rooms are solid made of brick, concrete block, or light weight concrete 
block (AAC). The interior walls have door opening, and the exterior walls have window opening. These relatively 
weak and fragile walls are framed by more ductile reinforced concrete (RC) or steel beams and columns to form 
infilled frame (IF) system with strength and lateral stiffness significantly higher than those of a bare frame alone. In 
addition to strength and stiffness, the ductility of infilled frames under seismic load is more than 6, more than value 
recommended for good performance of structures [8]. In this paper emphasis is given to the effect of including infill 
walls with opening on the earthquake response of 3-D RC structures for typical hotel buildings described above. The 
exterior walls consist of varying window opening with practical RC columns and beams (lintels) around the 
openings to reinforce the wall along the opening. The lintels also house the window or door that is made of weaker 
materials such as wood or aluminum that represents the local best practice in Bali and other regions in Indonesia.    
The importance of including infill walls in modeling frame structures has been widely accepted because it gives a 
more accurate response; furthermore any possible soft-storey mechanism due to irregular placement of infill wall can 
be detected. Previous study has shown that the presence of infill walls in X-direction also increases the lateral 
stiffness of frames in Y-direction [9]. The wall in Y-direction (with or without opening) will certainly increase the 
frame stiffness in both Y and X direction. Therefore, the inclusion of such walls in modeling the frame will change 
the response of the structure. Recent developments in modeling infilled frames with wall openings (IFO) mostly 
used modified diagonal struts in 2-D models without lintels around the wall openings. In this study, a shell element 
model is used and applied to 3-D structures because the shell element model will enable detection of wall stresses 
and lintels around the opening. Compared to the 2-D models, the 3-D model will also directly include the effect of 
gravity load, floor slab, and longitudinal beams. Seismic provision to consider 30% load in the direction 
perpendicular to the main direction is also satisfied. Prior to modeling the 3-D structures, validation models are made 
for simple 2-D IF and IFO based on test results reported in literature [2] to ensure the accuracy of the models, using 
diagonal strut and shell element models. A model of bare frame (BF) was also included for comparison.  
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2.  Validation model for infilled frame with solid wall (IFS) and infilled frames with wall openings (IFO) 
Experimental models of eight 1/3 scaled infilled frames with solid wall (IFS) and with opening (IFO) were made 
and tested by Kakaletsis and Karayannis under reversed cyclic, quasistatic, horizontal loading up to drift level of 4 % 
[2]. In this paper, computer models using SAP2000 software version 15 [10] were made for validation based on four 
of the eight tested models. Fig. 1 shows the tested and computer models. The first row shows the geometry of tested 
frames. Corresponding models using strut and shell elements are shown in the second row. The bare frame (BF), 
IFS, and two IFO with central window opening (WO4) and eccentric door opening (DX1) with opening ratio of 21% 
were modeled to see the effect of wall opening in reference to BF and IFS. 
The strut model used single diagonal strut and for the shell element model, gap element was used at interface 
between frame and wall. Material properties for concrete and infill are those used for the experiment. The 
compressive strength of concrete fc’ is 28.51 MPa and the infill compressive strength (parallel to void) fm’ is 5.11 
MPa. The initial tangent modulus for frame concrete Ec (in MPa) is determined using equation below [11]. 
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   (1) 
where w is the density of concrete between 1440 and 2560 kgf/m3. Using w of 2200 kgf/m3 the Ec becomes 25095 
MPa. The initial elastic modulus of masonry Em is calculated based on FEMA’s recommended value of 550fm [1]. 
For fm of 5.11 MPa, Em becomes 2810 MPa. On the test report [2] the value of Em was given 670.3 MPa, a very low 
value compared to those reported by others.  
The models were laterally loaded step by step until maximum load as in the test was reached. As the load 
increased, the properties of materials and frame section were varied considering the non-linear stress strain 
relationship and crack development in the frames during the test. The secant modulus of elasticity was used for 
lower loading values (about 40% of maximum load) and tangent modulus at points was used at higher loads. Few 
adjustments were made based on test data to make the load-displacement curve of the computer models comparable 
to the test result. No attempt was made to determine behavior of the frame beyond the peak load. Models of IFO 
with lintels around the opening (IFOL) were also created using shell elements to be compared to the models of IFO 
without lintel. Square section of 150 mm was used for lintels with concrete compressive strength of 10 MPa to 
represent lower quality concrete.   
  
   
Fig. 1. Geometry of tested frames (first row) and their corresponding models using strut and shell element (second row). 
The strut model for IFS uses frame element for frame members and the diagonal strut, in which both ends of the 
strut were released against rotations. The width of the strut is that specified by FEMA 306 [1] as follow. 
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where a is the equivalent width of strut, rinf is the diagonal length of the strut measured from corner to corner of 
infill panel, hcol is the height of column measured from center to center of beam, hinf is the height of wall panel, tinf is 
No Wall 333 x 600 300
x
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the wall thickness, Eme is the expected elastic modulus of wall, Efe is the expected elastic modulus of frame, Icol is 
the inertia of column, and T is the angel whose tangent is the wall’s height to length ratio.  
    Development of strut model for IFO follows the proposed modified diagonal strut model, in which the width of 
the strut for solid infill is reduced by factor O, dependant of opening ratio, D (ratio of opening to wall area) using 
equation proposed by Asteris, et.al [2].  
O = 1 – 2 D0.54 + D1.14     (4) 
Models using shell element were also created in which the infill wall was modeled as is without any modification 
or reduction using thick shell with the thickness of infill wall. The interface between RC frame and infill wall was 
model as gap element with stiffness of gap (Kg) as proposed by Dorji and Thambiratnam [12].   
ܭ௚ ൌ ͲǤͲ͵͹ͺܧ௠௘ݐ௜௡௙ ൅ ͵Ͷ͹      (5) 
The responses of the models were plotted in two load-displacement relationships as shown in Fig. 2. The left 
figure shows load-displacement curve for IFS, IFO (WO4 and DX1), and BF together with the corresponding 
experimental data (dash lines). The responses of IFOL were plotted together with the response of the corresponding 
IFO (dash line) on the right. It is apparent from the left figure that the responses of the computer models are similar 
to that of the test data, in which the stiffness decreases from IFS to IFO and BF. It is also clear that the response of 
strut and shell element models do not merge and the models with center window opening and corner door opening 
of the same ratio produce comparable response. Looking at more detail data however, it is found that the shell 
element model fit the test data better than the strut model for all infilled frame models. Compare to the test data, the 
strut model gives slightly stiffer response for IFS but significantly more flexible response for IFO. The bigger 
difference for IFO is related to the reduction factor in equation 4 that underestimate the strength of wall with 
opening and resulted in weaker response. The responses of IFOL are similar to those of models without lintel with 
slight stiffness increase. This stiffening effect due to addition of lintels is logical and therefore, the shell element 
model with lintels is used for the 3-D models. 
 
        
 
 
 
 
 
 
 
Fig. 2. Load-deformation curves of models of IFS, IFO, and BF (left) and IFOL and IFO (right) 
Fig. 3 shows models of WO4 showing maximum stress contour of model without lintel (left) and with lintels 
(right). The left figure compared well with the test data [2] in which tensile crack occurred at 2 corners of opening 
and maximum compression occurred at the other 2 corners of opening. Comparing the color tones of the left and 
right figures it is clear that the tensile and compressive stresses at corners of opening of WO4L are significantly 
lower than those of WO4. Thus, existence of lintels stiffens the frame and strengthens the wall around the opening.     
3. Three-dimensional model of hotel building 
The fictitious hotel building used in 3-D model consists of six 3-bay frames, the 2 meter middle bay is for 
corridor and the 6 meter side bays are for room. In X-direction, full wall were used for the partition between rooms. 
In Y-direction, the interior wall consist of fixed door opening of 1000/2200 mm for entrance and the exterior wall 
consist of window with opening ratios that varied from 20%, 40%, 60%, 80%, and 100% (same as BF) of the infill 
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area. A shell element model with gap element was used to model the 150 mm infill wall with 150 mm square lintels 
around the openings. Fig. 4 shows typical plan of the hotel building (a), typical elevation in X and Y direction (b), 
and variation of opening for the exterior walls (c). The floor and roof slab were also modeled using concrete shell 
elements. The same main beam of 250/400 was used for all models together with 120 mm thick floor and roof slab 
and secondary beams of 200/350 mm in the longitudinal direction to stiffen the slab. Dimension of columns are 
300/300 mm, 300/350 mm, and 300/400 mm for 3, 4, and 5 stories buildings, respectively.  
     
Fig. 3, maximum stress contour of WO4 without lintel (left) and WO4L with lintels (right) 
A total of fifteen 3-D models were created consisting of 5 models for each number of storey. All models denoted 
MSOR, S is number of storey and OR is opening ratio. For model of 3 stories with opening ratio of 20% is named 
M320. M400 is model of 4 stories with window opening ratio of 100%. All models were loaded according to 
ASCE/SE 7-10 [13], which is adopted in the current seismic code of Indonesia, for site class of D using static auto 
load analysis available in SAP2000. The choice of static auto load method is based on previous study showing that 
static analysis of 5 storey RC structures produce slightly larger lateral deformation than that of dynamic analysis 
[14].  
The RC frames were first sized to resist designed loads for model with 100% window opening (MS00, the 
weakest), and then the infilled frames model were made using these dimensions. The concrete compressive strength 
fc’ of 25 MPa and infill compressive strength fm’ of 3 MPa were used with elastic modulus Ecf of 19,230 MPa and Em 
of 1,650 MPa. The corresponding stiffness of gap kg is 9504.5 MPa. A 10 MPa concrete was used for lintels with 
elastic modulus of 12,162 MPa.  
For the vertical load, an additional dead load of 1.55 kN/m2 was applied to the slab together with a live load of 
2.45 kN/m2 for floor and 0.98 kN/m2 for roof. To account for crack development in the frames due to combined 
dead, live, and earthquake loads, the moment of inertia was reduced to 70% for the columns and 50% for the beams. 
The 50% factor, instead of 35% as recommended in the ACI standard, was used considering the contribution of infill 
wall in reducing crack development in the beams. The lateral load-deformation relationships for all models were 
compared in addition to the other design aspects of the structures such as stresses in the wall and lintels, forces and 
reinforcement in the frames, and the natural period of each model. 
 
Fig. 4. (a) typical plan; (b) frame elevation in X and Y direction; (c) variation of opening for exterior wall. 
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4.  Results and discussions 
The load-deformation relationships in Y-direction due to vertical and lateral loads combination for models of 
M3OR, M4OR, and M5OR are shown in Fig. 5. It is clear from the graph that the storey drift increases as the wall 
opening ratio become larger. Using the roof displacement of M300 as reference, the roof displacements of M320, 
M340, and M360 were reduced by 51%, 33% and 17%, respectively. Similar displacement reductions were observed 
for M4OR. For M5OR the corresponding reductions were 45%, 32%, and 16%, respectively. The smaller 
displacement reduction percentages were observed for taller structures. The roof displacement of MS80 however, 
was 1 % less than that of MS00. The inter storey drifts of all models did not exceed the limiting value of 2% the 
storey height [13] and no soft storey mechanism was detected.  
 
 
 
 
 
 
 
 
 
 
 
 
 
x Fig. 5. Load-deformation curves in Y-direction: 3-storey (left); 4-storey (middle); 5-storey (right). 
Maximum stresses in the wall increased with the height of building and decreased with the floor height. With 
respect to opening ratio, higher stresses were observed in the wall with lower opening ratio. Accordingly, the 
maximum stresses occurred at the ground floor of M520. The observed maximum compressive stress was 0.10 MPa 
for M320, 0.13 MPa for M420, and 0.14 MPa for M520. Maximum tensile stresses were observed in small area at 
the corner of opening with values of 0.27 MPa for M320, 0.31 MPa for M420, and 0.40 MPa for M520. For masonry 
wall with fm of 3 MPa, its tensile strength is estimated at 0.3 MPa. Therefore, the tensile stresses in the walls of 
M420 and M520 exceed its tensile strength and hence, to prevent tensile crack, stronger wall is required for the 
lower storey of the 4 and 5 storey hotel buildings.   
The maximum axial forces in lintels are 40 kN in compression and 23 kN in tension. The corresponding 
compressive stress is 1.78 MPa, which is 0.178fcl and the corresponding tensile stress is 0.10 MPa, which is 0.01fcl. 
Therefore the lintels are not overstressed and minimum reinforcement of 4 No. 10 rebar with stirrup of No. 6 rebar 
with 150 mm spacing is adequate.  
The forces (bending moment and shear) of beams in the Y-direction increase as the opening ratio increases. As a 
result, the flexural reinforcement of beam due to negative and positive bending moment increases significantly. 
Using the MS00 as reference, the percentages of flexural steel requirement for the beams are shown in Table 1 
together with the periods of the buildings. The shear reinforcement of the beams also increases as the opening 
becomes larger. However, in most cases minimum code value governs. Likewise, the forces in column also increase 
with the increasing opening ratio. The reinforcement, however, are still minimum for all models as the size of 
columns are made the same throughout the height of the building. 
The time period, as another measure of stiffness of building, increases as the number of storey increases and 
decreases as the opening ratio decrease. As shown from the table, the walls with opening ratio of 80% do not change 
the period of the structures. However, the period of infilled frame structures with wall opening ratio of 60% or less 
are significantly lower than that without wall. Therefore, the wall should be considered in the analysis as it will 
increase the earthquake demand.  
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Table 1. Flexural reinforcement of beams and fundamental periods of buildings 
No. of storey / Opening ratio  20% 40% 60% 80% 100% 
3    Beam reinforcement ratio (%) 
      Period (sec.) 
33 
0.30 
38 
0,32 
46 
0.37 
89 
0.41 
100 
0.41 
4    Beam reinforcement ratio (%) 
      Period (sec.) 
38 
0.41 
42 
0.45 
49 
0.51 
91 
0.56 
100 
0.56 
5    Beam reinforcement ratio (%) 
      Period (sec.) 
44 
0.51 
49 
0.55 
52 
0.60 
91 
0.66 
100 
0.66 
5. Conclusion 
Validation models of infilled frames with and without wall openings show that the computer models using 
diagonal struts and shell elements mimic well the behavior of tested frames. It also confirms the results of previous 
studies that the infilled frames with wall opening are significantly stronger and stiffer than the bare frame. For the 
infilled frame with wall opening however, the response of shell element model fits the test data better than that of the 
strut model, in which the reduction factor for the strut width underestimates the strength of the frame. Lintels around 
the wall openings stiffen the frame and strengthen the wall around the opening and hence, should be used for better 
design of an infilled frame with wall opening. 
From the analysis and design of 3-D models for typical 3, 4, and 5 storey hotel buildings using frame and shell 
elements it was found that the earthquake responses of the RC frames in-filled with walls of opening ratios 20% to 
60% are significantly stiffer and stronger than that without infill wall. However, the contribution of walls with 80% 
opening in reducing storey drift and frame reinforcement was trivial. Accordingly, the infill walls with opening 
ratios of less than 80% should be considered in the structural modeling to obtain a more accurate analysis and 
efficient design. 
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